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ABSTRACT

Protein phosphorylation catalyzed by protein kinases plays a critical
role in cellular signaling. Here we review several chemical ap-
proaches to understanding protein kinases and the consequences
of protein phosphorylation. We discuss the design of bisubstrate
analogue inhibitors based on a dissociative transition state, the
development of reagents for cross-linking protein kinases with their
substrates, the chemical rescue of mutant protein tyrosine kinases,
and the application of expressed protein ligation to understanding
protein phosphorylation.

It is now well-accepted that the reversible modification
of proteins by phosphorylation is a major facet of intra-
cellular signaling networks.! Although the importance of
protein phosphorylation has been recognized since the
1950s,2 until relatively recently, the study of signaling was
considered a rather fundamental rather than clinical
pursuit. However, over the last 10 years, it has been
established that both protein kinases and protein phos-
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phatases are attractive drug targets for a wide range of
diseases, including leukemias, solid tumors, vascular
diseases, diabetes mellitus, and immune/inflammatory
disorders.® This relevance to disease has increased the
intensity in the biomedical research community to un-
derstand the function of these phosphoryl transfer en-
zymes and to develop potent and selective inhibitors that
might be useful therapeutic agents. Among the continuing
challenges in the kinase field are understanding the
catalytic mechanism of the protein kinase enzymes for
rational inhibitor design, identifying physiologic protein
substrates for kinases and physiologic kinases that effect
phosphorylation of specific substrates, defining the tem-
poral relationships between kinase action and cellular
effect, and characterizing the structural and functional
effects of site-specific phosphorylation events. While some
of these issues are fairly well-understood for individual
kinases and substrates, the functions of the vast majority
of the roughly 600 protein kinases and the consequences
of phosphorylation of thousands of protein substrates
have not been elucidated. To address these issues of
kinase function, a number of relatively recent chemical/
biochemical approaches have been reported,* % some of
which are described by other authors in this issue. In this
Account, we discuss the development and application of
several chemical methods pursued in our lab to address
the mechanism and function of protein phosphorylation.

Protein Kinase Mechanism

The proteases and glycosidases stand out among enzyme
classes as success stories in mechanism-based inhibitor
design.”® Part of the success with these enzymes has
stemmed from a detailed understanding of their enzyme
mechanisms. In contrast, a detailed understanding of the
chemical mechanism of protein kinases has lagged be-
hind. Starting in the early to middle 1990s, a number of
dazzling, high-resolution protein serine/threonine and
tyrosine kinase X-ray structures were published which
gave a new perspective on the mechanism of these
enzymes.®'° The amino acid residues composing the active
sites of these enzymes were identified and interactions
with substrates revealed. In 1994, the generally accepted
mechanism of phosphoryl transfer for protein kinases
based in part on these structures appeared to be “associa-
tive” (Figure 1). In an associative mechanism, there is
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FIGURE 1. Associative vs dissociative transition states for phosphoryl transfer.

substantial bond formation between the entering nucleo-
phile and phosphorus prior to significant bond cleavage
between the phosphorus and the leaving group. In this
mechanism, a variety of positively charged groups includ-
ing one or two divalent ions were suggested to interact
with the y-phosphate, converting it into a more reactive
electrophile. Furthermore, an active site aspartate (Asp-
166 in protein kinase A) appeared to be a general base,
enhancing the nucleophilic reactivity of the substrate
serine or tyrosine. An associative phosphoryl transfer
mechanism is analogous to most proposed acyl transfer
mechanisms catalyzed by proteases which are thought to
proceed through tetrahedral intermediate states.
However, it has long been known that phosphate
monoesters which are dianionic at neutral pH appear to
follow dissociative transition states (Figure 1) in nonen-
zymatic nucleophilic substitution reactions.*? Thus, these
reactions show small Bronsted nucleophile coefficient
(Bruc) values, large Bronsted leaving group coefficient (Big)
values, inverse thio effects, small entropies of activation,
and '80-isotope effects more easily rationalized by a
dissociative transition state model.?? These dissociative
transition states are characterized by relatively little
participation of the entering group and a rather advanced
cleavage of the bond between the phosphorus and the
leaving group. While there is consensus among many
investigators about the nonenzymatic mechanisms of
phosphate monoester reactions, there are dissenting
points of view which continue to stimulate discussion.*?
In contrast to the accessibility of nonenzymatic reac-
tions to experimental investigation, discerning the transi-
tion states of enzyme reactions is typically more difficult.
Due to enzymes’ geometric constraints, narrow solution
requirements, and limited stability, many of the tech-
niques used to study nonenzymatic reactions are not
applicable. This has certainly been the case with phos-
phoryl transfer reactions. It is the lack of decisive experi-
mental data that has contributed to the passionate debate
regarding the nature of the enzyme-catalyzed phosphoryl
transfer reactions. For example, it has been argued that
the presence of divalent ions present in the active sites of
enzymes that coordinate to the attacked phosphate might
cause these reactions to follow associative transition
states.!* However, recent studies have failed to show

changes from dissociative transition states in the presence
of divalent ions in the related nonenzymatic reactions.®

One of the more intuitive and classical approaches to
interrogate phosphoryl transfer reactions is the measure-
ment of the Bronsted nucleophile coefficient (8nuc). In this
linear free energy relationship, the net effective charge
buildup on the entering atom of the nucleophile in the
transition state is assessed.'® A series of homologous
nucleophiles which vary in pK, are employed as substrates
with a given phosphate ester and the log of the rates of
the reactions are plotted versus the substrate pK,s. If the
relationships are roughly linear, the slopes of the plots
provide the S, value. A large S (close to one) indicates
strong dependence on the role of the nucleophile with
large charge development on the entering atom, sugges-
tive of an associative transition state. If the By is small
(close to zero), there is generally small dependence on the
role of the nucleophile, consistent with dissociative char-
acter. These relationships have been determined on
numerous phosphate esters under nonenzymatic condi-
tions. It is consistently observed that phosphate triesters
show relatively large fnuc values (>0.4), diesters intermedi-
ate values (0.3—0.6), and monoesters low values (<0.3).1718

This sort of evaluation is challenging to perform and
interpret with many enzymes because of the sensitivity
of the enzyme to changes in steric/polar parameters of
the substrate in binding and orientation as well as the
difficulty of preparation of the homologous substrate class.
However, protein tyrosine kinases represent attractive
enzymes for such an evaluation because the tyrosine
substrate aromatic ring can be readily substituted, and
the substrate binding surface on the enzyme is spread out
over a relatively large surface of the peptide. Indeed, a
relatively early study by Graves and colleagues with a
limited analysis of three tyrosine analogues suggested a
large fnuc and associative transition state.'® This effort was
handicapped, as it was performed prior to the availability
of large quantities of pure, homogeneous tyrosine kinases,
and so our lab reinvestigated this with the protein tyrosine
kinase Csk.

We prepared the entire set of fluorotyrosine analogues
(Figure 2) which allows for broad and systematic pK,
coverage (5—10).2°-2 Since fluorine atoms are not much
larger than hydrogen atoms but dramatically effect pK,
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FIGURE 2. Tyrosine analogues used for bronsted nucleophile coefficient (8n,c) measurements.

values, they are commonly employed in enzymology to
address mechanistic issues. These fluorotyrosine ana-
logues can be readily synthesized stereospecifically in a
single step with tyrosine phenol-lyase.?* We also synthe-
sized several ring alkyl-substituted tyrosine analogues to
probe the potential for steric effects by the fluorines.?
Over the course of these studies, we have shown that
tyrosine phenol-lyase can be employed to stereospecifi-
cally synthesize conformationally restricted g-substituted
tyrosine analogues by employing o-ketobutyrate in place
of pyruvate.®

With this set of compounds in hand, we showed that
the fnuc for these substrates with the tyrosine kinase Csk
was near zero.??! Moreover, complications of steric effects
were unlikely to be significant since the methyl-substi-
tuted compounds showed rates close to those of tyrosine
itself. Interestingly, a noticeable drop-off in rate with the
lower pK, substrates (6.5 and below) was observed. With
the use of rate versus pH profiles with several of the
fluorotyrosine containing substrates, it was shown that the
behavior was due to the inability of the phenoxide anion
(tyrosinate) form of the substrate to undergo enzyme-
catalyzed phosphorylation.?%?! This result was paradoxical
for two reasons. First, since the proton of the phenol must
ultimately be removed over the course of the reaction, it
would be reasonable to expect that early deprotonation
would not be problematic. Second, the tyrosine phenoxide
anion form of the substrate (pK, 10) would be expected
to be far more reactive as a nucleophile than the neutral
phenolic form (pK, —7). That the enzyme would prefer
the neutral form for the kinase reaction would be highly
improbable for a highly associative transition state.

In contrast, the combination of a small Sn, and
preference for the neutral phenol can nicely be rational-
ized by a dissociative transition for enzyme catalyzed
phosphoryl transfer. Let us assume a fn, of 0.1 for a
nonenzymatic phosphoryl transfer reaction. Comparing
two nucleophiles with pK, differences that are 17 units
apart (phenoxide anion and neutral phenol), the relative
rate with the more basic nucleophile should be ap-
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FIGURE 3. Phosphate substrate-assisted proton-transfer model in
phosphoryl transfer.

proximately 50-fold greater, neglecting other effects due
to solvation, steric hindrance etc. However, in the context
of the enzyme with fn, 0.1, the loss of a hydrogen bond
and the potential for electrostatic repulsion generated by
the phenoxide anion might well be expected to dominate
the modest rate enhancement due solely to basicity. In
contrast, if the fn, were 0.6, the 10 billion-fold rate
differential with the more basic nucleophile would be
much harder to overcome by hydrogen bonding and
electrostatic effects.?!

An alternative model to account for a low fSn,c and
requirement of the neutral phenol could still be consistent
with an associative transition state has been proposed by
Warshel (Figure 3).12 In Warshel’s model, the substrate
phosphate is suggested to act as a general base, directly
accepting the proton of the hydroxyl from the other
substrate. Once generated, the anionic nucleophile would
rapidly react with the diester-like form of the phosphate
via an associative transition state.!* Thus, more acidic
tyrosines would be envisaged to transfer their protons
more rapidly to the phosphate, offsetting the expected
decrease in reactivity of the less basic anionic species,
resulting in small B, values overall. This interesting idea
is based on quantum mechanical calculations, but it has
been cogently challenged by Herschlag and others.?

To experimentally address the phosphate-proton-
transfer model, a mutation of the Csk tyrosine kinase
(catalytic base) aspartate to asparagine was prepared.?’
This mutant, while showing reduced catalytic power, was
found to preferentially accept the anionic nucleophilic
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peptide
substrate

FIGURE 4. Design of a protein kinase bisubstrate analogue inhibitor.
The X atom corresponds to the nucleophilic oxygen. The Z atom is
linked to the spacer.

form of tyrosine, but still showed a small 8, consistent
with a dissociative transition state.?” Since the anionic
nucleophilic form is incapable of transferring a proton to
the phosphate, these data argue against the phosphate
proton transfer model and in favor of a dissociative
transition state. These results, along with other published
kinetic data, have led to the proposal that protein kinases
in general are likely to utilize dissociative transition states.

Inhibitor Design

Starting with the premise of a dissociative transition state,
it was of interest to design protein kinase inhibitors. On
one hand, development of protein kinase inhibitors based
on a dissociative transition state would test the mecha-
nism’s predictive power. More importantly, the need for
selective protein kinase inhibitors as tools and as lead
agents for disease treatment provides compelling incen-
tives to generate such compounds. For enzymes utilizing
two substrates, covalently attached bisubstrate analogues
are often potent and selective inhibitors. As recently
reviewed,? this approach has been attempted in a number
of different ways with protein kinases, generally with
limited success. One prediction based on the dissociative
model is that a relatively large molecular volume might
be needed in bisubstrate analogue inhibitors. A quantita-
tive model for the reaction coordinate distances based on
simple geometric principles has been proposed by Mild-
van.?® The Mildvan concept is that in a dissociative
transition state mechanism, the reaction coordinate dis-
tance (the distance between the entering oxygen and the
phosphorus under attack in the ground state) should be
greater than or equal to 4.9 A. It might be imagined that
ideal bisubstrate analogues would be covalently linked
ATP—peptide substrate conjugates containing a 5 A spacer
(Figure 4). A second design feature might allow for the
tyrosine attacking atom to maintain hydrogen bonding
capability to the important active site aspartate.

The initial enzyme targeted by this approach was the
insulin receptor tyrosine kinase (IRK).%° IRK was selected
because of the following: an efficient peptide substrate
had been identified; IRK was independently demonstrated
to follow a dissociative mechanism;?? a crystal structure
of IRK bound to nucleotide and peptide had already been
accomplished?! which encouraged our hope that it might
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FIGURE 5. Synthetic approach to a bisubstrate analogue (5.1)
designed against the insulin receptor kinase.

be possible to also determine the structure of the inhibitor
with IRK. Although not itself a drug target, IRK is highly
similar to the IGF1 tyrosine kinase which shows high
activity in many cancers.®?> The synthesis of the target
compound exploited the chemoselective reaction between
ATPyS and the a-bromoacetanilido-peptide (Figure 5).%°
While acid sensitive, compound 5.1 was shown to be
stable at neutral pH for several days at room temperature.

The bisubstrate analogue 5.1 proved to be a potent and
selective inhibitor of IRK with a K; of 370 nM. It displayed
competitive inhibition versus ATP and noncompetitive
inhibition versus peptide substrate.®® A control compound
lacking the peptide amino acid residues was approxi-
mately 300-fold worse as an inhibitor. In fact, the free
energy of binding of the nucleotide and peptide moieties
measured individually approximate the free energy of
binding of the bisubstrate analogue inhibitor. This com-
pound appears to be reasonably selective, with ap-
proximately 100-fold weaker inhibition against another
tyrosine kinase Csk, which recognizes a dissimilar peptide
substrate sequence. An X-ray structure of 5.1 in complex
with IRK confirmed the design principles.®® Taken to-
gether, these results are compatible with the dissociative
transition state model for tyrosine kinases and offer a new
direction in the development of much needed selective
protein kinase inhibitors. While more work will be needed
to enhance their pharmacokinetic properties, these bisub-
strate analogues have the immediate potential in struc-
tural genomics studies on protein kinases, where high-
resolution information concerning the recognition of
protein substrates is lacking.

Recently, the finding that y-phosphoryl derivatized
compound 6.1 (Figure 6) was not a potent kinase inhibitor
was used to design a photoactivatable cross-linking
compound 6.2 which has the potential to selectively cross-
link protein kinases with protein substrates.®® A proof of
principle experiment with the bis-azide nucleotide ana-
logue 6.2 showed that it could covalently cross-link
protein tyrosine kinase Csk with its substrate Src. This
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FIGURE 6. Derivatized ATP analogues and an approach to protein
kinase-substrate cross-linking.

cross-linking was dependent on UV light and inhibited
by ATP. It is hoped that such reagents will be useful in
the proteomic analysis of protein phosphorylation. Thus,
starting with either a known phosphorylated protein or a
protein kinase of interest, cross-linking can be carried out
to find its potential partners in cellular extracts.

Chemical Rescue of Mutant Protein Tyrosine
Kinase Activity

The discovery that it is possible to rescue mutant enzymes
with small molecules dates back to the early years of site-
directed mutagenesis.?*3® The approach involves mutation
of an active site residue of the enzyme to remove a
functional group key for catalysis and then supply the
missing functional group as an exogenous small molecule
or built in to the substrate. The potential advantage of
introducing this methodology to protein tyrosine kinases
would be to provide a temporal control switch for kinase-
dependent signaling pathways. Thus, a small diffusible
molecule could provide activation in minutes instead of
the hours to days associated with transfecting protein
kinases into cells and inducing their transcription. Since
many of the most interesting signaling steps are thought
to occur over a period of minutes to hours, the chemical
rescue of a mutant protein kinase could provide key
insights into the timing of important phosphorylation
events. Note that such an approach is complementary to
the application of small molecule inhibitors which are
specific for protein kinases where the small molecule in
this case is an off switch.

In considering the requirements of chemical rescue,
ideally one would desire a mutation in a highly conserved
tyrosine kinase residue so that it could be generally
applied. The mutation should be quite deleterious to the
kinase activity so that a dynamic range of 100-fold or more
would be possible. Finally, the rescuing agent should be
cell-permeable so that signaling could be studied in living
cells. These are stringent requirements, and it should be
stated that to our knowledge, prior to our recent work,3%:37
chemical rescue had not been applied to mutant enzymes
in living cells.
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Selected Sequences of Protein Kinases
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+ LCK  YIHRDLRAANILV
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- SRC  YVHRDLRAANILV
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- EGF  LVNRDLAARNVLV
- PKA  LIYRDLKPENLLI
- MKK  VIHRDIKPONILL
FIGURE 7. Catalytic loop sequences of several protein tyrosine (CSK,

IRK, LCK, ABL, SRC, and PDGF, EGF) and a serine kinase (PKA).
Underlined residues are the catalytic base (D) and catalytic arginine
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FIGURE 8. Three-dimensional structure of IRK bound to a peptide
substrate highlighting the catalytic Asp and Arg residues and the
substrate Tyr.

Inspection of the catalytic loop region of protein
tyrosine kinases (Figure 7) revealed a highly conserved Arg
(Arg-318 in Csk). However, this Arg is found either two or
four residues downstream of the absolutely conserved
catalytic Asp. It appeared that Nature had identified a
residue which could show structural flexibility. High-
resolution crystal structure of the insulin receptor kinase
showed that the side chain of this Arg is involved in
hydrogen bonding to the substrate Tyr as well as the active
site Asp (Figure 8). In this way, two of the guanidinium
nitrogen atoms appear to be hydrogen bond donors.

To ascertain the function of this Arg, we showed that
mutation of the residue to Ala in tyrosine Csk (Arg318Ala)
led to a 3000-fold drop in K¢yt With only small effects on
Km.2® When a double mutant was created which effectively
moved this Arg from four to two residues away from the
catalytic Asp, much of the catalytic activity was restored.3
This effectively confirmed our suspicion that there is
flexibility in positioning the Arg residue along the back-
bone. We then screened a series of small molecules to test
for rescue. We found that a number of compounds (Figure
9) were able to enhance the kinase activity of R318A Csk
but not the wild-type enzyme.3 The consistent require-
ments for strong rescue from over 30 compounds that
have been screened against Csk R318A include the pres-
ence of two hydrogen bond donating nitrogen atoms and
the potential for positive charge. These requirements were
readily rationalized from the X-ray structure.
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FIGURE 9. Selected small molecules tested to rescue R318A Csk.
Fold-activation shown under each structure using 50 mM compound
at pH 74.

The best of the compounds so far examined was
imidazole, likely acting as imidazolium which provides up
to 150-fold rescue at pH 6.8, albeit with 50 mM imidazole.
This is 7-fold higher than the maximum observed rescue
with guanidinium. The concentration of imidazole for
half-maximal rescue was 20—40 mM.3¢

While more work needs to be done to maximize the
potency and efficacy of rescue, given that imidazole is a
cell permeable molecule and shows low toxicity, it was
tested with mutant Csk in intact cells. Mouse embryonic
fibroblasts lacking Csk have been shown to be defective
in actin stress fiber formation.®® Reintroduction of Csk
back into such cells was able to allow for actin stress fiber
formation to occur; however, the importance and timing
of the kinase activity in this system had not been previ-
ously addressed. By use of the R318A Csk protein, it was
shown that the kinase activity of Csk was critical for
cytoskeletal reorganization, since actin stress fiber forma-
tion occurred within 15 minutes of imidazole exposure.3’
In contrast, cells containing a D314N Csk mutant which
was catalytically defective but not rescuable with imida-
zole in vitro showed no cytoskeletal changes with imida-
zole. These experiments and others allowed for a temporal
connection among G-proteins, Csk, and the small G-
protein Rho in this important cellular process.®’

Expressed Protein Ligation and Protein
Phosphorylation

One of the limitations of the signaling field is precisely
defining the structural and functional consequences of
phosphorylation events. It is in general difficult to obtain
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FIGURE 10. The method of expressed protein ligation.

homogeneous, stoichiometrically labeled phosphopro-
teins. This is especially difficult when the phosphoprotein
linkages are intrinsically unstable such as when they occur
within protein phosphatases. Although various techniques
have been used to address this problem, all have limita-
tions.

Several years ago, our lab in collaboration with Tom
Muir, and independently by a group at New England
Biolabs, introduced the method of expressed protein
ligation (Figure 10) that substantially overcomes several
of the limitations in the generation of site-specifically
modified proteins.3®4° Expressed protein ligation blends
the technique of native chemical ligation with the genera-
tion of recombinant protein thioesters via inteins. In EPL,
a recombinant protein or protein domain of interest, is
generated in frame with an intein, resulting in the genera-
tion of a C-terminal thioester. This thioester is reacted with
an N-terminal cysteine containing peptide via the native
chemical ligation strategy to generate the semisynthetic
protein. In this way a host of unnatural entities can be
introduced into the synthetic portion of the semisynthetic
protein.

EPL, which has now been implemented in a broad
array of protein studies by many groups, has been applied
to a number of problems in the area of signaling, including
TGFpB,* Csk-Src,%42 and the tyrosine phosphatases SHP-
243 and SHP-1.4 We will highlight the work on SHP-2 and
SHP-1 here because it illustrates particularly well the
strength in the use of nonhydrolyzable phosphotyrosine
derivatives (Figure 11) to address an important issue in
signaling, which had proved difficult to attack using
standard methods. Whereas phosphoserines and phos-
phothreonines can often be mimicked with encoded
residues Asp or Glu, no such encoded isostere exist for
phosphotyrosines making them a particular challenge.

The SHP-2 and SHP-1 are protein tyrosine phos-
phatases which are composed of two SH2 domains, a
catalytic domain, and a flexible C-terminal tail that can
be phosphorylated on tyrosines by protein tyrosine ki-
nases (Figure 12).%° It is known that these enzymes show
reduced catalytic activity in their ground state and deletion
of the N-SH2 domain or addition of phosphotyrosine
peptides can activate these enzymes.*® It has been pro-
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posed that phosphorylation of the C-terminus of these
proteins on the two tyrosine residues can function either
in adaptor protein recruitment or by intramolecular
interaction with the N- or C-terminal domains of the
corresponding enzyme. It has been difficult to rigorously
address this problem since autodephosphorylation at
these sites is relatively rapid.

We realized that EPL would be a potentially useful
approach here because it could be employed to replace
the C-terminus of the recombinant protein with synthetic
peptides containing phosphotyrosine mimetics. We ini-
tially explored the Pmp derivative (Figure 12) which is
known to be a reasonably good mimic of phosphotyrosine
in terms of SH2 domain interaction.**** EPL worked quite
well in this case, and it was possible to generate milligram
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guantities of the site-specifically modified Pmp-containing
proteins for SHP-2 and SHP-1.%34* For SHP-2 it was found
that Pmp modification at either of the two tyrosine
phosphorylation sites (542, 580) led to 2—3-fold enhanced
phosphatase activity. In contrast, in SHP-1 a 4-fold
enhanced activity with Pmp at the 536-position was
observed, whereas no stimulation of phosphatase activity
at the 564-position was found. A combination of protease
sensitivity studies, gel filtration, phosphopeptide binding,
and site-directed mutagenesis experiments revealed dis-
tinctive interactions between the Pmp modification sites
and the SH2 domains in SHP-2 as shown in Figure 13.43

To further evaluate the Pmp interactions in SHP-1, EPL
was used to generate the F,Pmp containing semisynthetic
SHP-1 proteins where the fluorophosphonates were in-
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troduced as more precise phosphotyrosine mimetics.*46
The pK, of the phosphate dianion in phosphotyrosine is
approximately 1—2 units lower than that of the Pmp
derivative. In contrast, F,Pmp closely matches that of
phosphotyrosine. Furthermore, F,Pmp has the potential
to be a hydrogen bond acceptor via its fluorines, possibly
mimicking the phosphate bridging oxygen in phospho-
tyrosine. In detailed comparisons of SH2 domain-phos-
phopeptide interactions, phosphotyrosine and F,Pmp
show nearly identical behavior, whereas Pmp binds about
5-fold more weakly.*® In the studies on SHP-1, the F,Pmp
substituted proteins were subtly different compared to the
Pmp substituted proteins. Thus, 536-F,Pmp induced an
8-fold catalytic stimulation compared with 4-fold with
Pmp. 564-F,Pmp showed a 1.6-fold enhanced effect on
catalysis, whereas no effect was seen with Pmp at this
site.** Taken together with mutagenesis studies, these
experiments suggest a similar model for intramolecular
interaction in SHP-2 and SHP-1. Recent studies show that
dual phosphorylation of SHP-2 leads to additive effects
on activity.*

While it is generally challenging to introduce proteins
prepared in vitro into cells, Pmp-modified SHP-2 was
microinjected into fibroblasts to assess the impact on MAP
kinase signaling pathway. These experiments showed a
clear ability of the Pmp modification to enhance MAP
kinase signaling via increased SHP-2 phosphatase activ-
ity.*® These experiments provide an in vivo correlate to
the in vitro findings.

Summary

It is clear that to increase understanding of signal trans-
duction pathways in normal and patho-physiology, a wide
array of techniques are needed beyond the traditional
genetics, biochemistry, and cell biology approaches that
have been employed. Organic chemists and enzymologists
have important roles to play here. In this Account, we have
highlighted how chemical approaches may be used to
shed light on issues in signaling and point to new
approaches for therapeutic lead discovery. It will be a
continuing challenge to refine existing approaches and
develop new ones that can be usefully applied to dissect
complex biological systems in the postgenomic era.

We are grateful to our many co-workers and collaborators
whose names are listed in the references. We have been generously
supported over the past several years by the NIH, the Burroughs
Wellcome Fund, and the Damon Runyon Foundation.
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